Real brains pose extra problems compared to electronic circuits: not only are all brains different, but even the same brain changes over time. Many of the most interesting properties of the brain-how it develops, memory, attention-are dynamic ones. It is, therefore, particularly interesting to explore methods for working out circuitry in live brains. In this commentary we discuss new optical methods for connection tracing and recording that begin to achieve this goal.
A brain wiring diagram may mean many things: what regions are connected together, what cells are connected together, and the exact weights of these connections as they evolve over time. Even if we knew everything about single-cell physiology, it would take the last and most detailed wiring diagram to do what one routinely does in electronic circuits: begin to understand how function emerges from the network. Real brains pose extra problems compared to electronic circuits: not only are all brains different, but even the same brain changes over time. Many of the most interesting properties of the brain-how it develops, memory, attention-are dynamic ones. It is, therefore, particularly interesting to explore methods for working out circuitry in live brains. In this commentary we discuss new optical methods for connection tracing and recording that begin to achieve this goal.
ANATOMICAL MAPPING Golgi staining
The earliest methods used to map out neural circuitry were anatomical techniques utilizing the Golgi stain. Cajal raised this technique to an art, and on the basis of observations of Golgi stained preparations, he hypothesized that sites of contact between nerve cells, later termed synapses, were fundamental in the processing of information by the brain. Despite the resolution limitations of early 1900s microscopy, this method was instrumental in determining projection patterns between neuronal layers (Cajal, 1904 (Cajal, , 2000 Fairen, 2005) .
EM circuit reconstruction
With the advent of electron microscopy, synapses could finally be visualized (Blackstad, 1965) and attempts at reconstructing circuitry followed soon after (reviewed in Briggman and Denk, 2006) .
A new technique, serial block face scanning electron microscopy (Denk and Horstmann, 2004) , promises to make EM reconstruction a much faster process. Instead of cutting and preserving thin serial sections, the block of tissue itself is imaged on one face with a scanning electron microscope (SEM), following which that section is shaved off and the next layer can then be imaged. This approach is much faster and easier to automate, as it eliminates the alignment and ordering stages of serial transmission electron microscopy. Even though the lateral resolution is poorer than transmission electron microscopy (TEM)-30 nm versus 10 nm-it is sufficient to resolve synaptic sites and thin processes such as spine necks (Denk and Horstmann, 2004) . The primary drawback of EM methods is that they take a long time. For example, serial TEM reconstruction of the entire nervous system of a relatively simple animal like C. elegans took 15 years (White et al., 1986; Briggman and Denk, 2006) and, even with serial block-face SEM, the reconstruction of a single cortical column would take approximately a year.
Multicolor labeling and Brainbow
A major problem with light microscopic reconstruction of neuronal circuits was that it is virtually impossible to reconstruct a circuit of densely stained neurons owing to the lack of resolution of light microscopy, even with optical sectioning techniques such as confocal imaging. An elegant solution to this problem was to label neurons in multicolor so that the processes of individual neurons could be distinguished from each other. This was first achieved by delivering beads coated with random combinations of three spectrally distinct lipophilic dyes-DiO, DiI, and DiD-into neurons in slice cultures by ballistic loading with a gene gun (Gan et al., 2000) . As a result of this, neurons with multiple colors (up to 7) could be distinguished. The limitation on the number of colors was because differential diffusion of the three dyes in the cell membrane resulted in a spread of colors rather than a single color for any given neuron.
Exploiting spectral variants of the green fluorescent protein (GFP), the same principle was recently extended to multi-color labelling of genetically targeted neurons in mice by the Lichtman-Sanes group (Livet et al., 2007) using a set of constructs termed Brainbow. They made use of the Cre-lox system of inducible Cre recombinase expression to stochastically recombine these Brainbow constructs, resulting in the expression of any one out of three or four fluorescent proteins (XFPs). Combinatorial expression of these XFPs increased the color range, resulting in some 100 discernable colors. In addition, Brainbow expression was restricted to pyramidal neurons since it was under the control of the Thy1 promoter.
1. This technique has the great advantage that it can potentially be used to trace out anatomical wiring diagrams in living tissue, and with far greater speed than serial electron microscopy, because light microscopy can be used to image larger fields of view. 2. Optical microscopy has lower resolution, which prevents conclusive identification of all synaptic contacts between neurons. This could be circumvented somewhat by the use of synaptic markers to identify synaptic contacts. (Silberberg and Markram, 2007) , which are a very small proportion of the neurons in any given circuit. A more scalable method is to use optical stimulation to systematically scan the input field of a single intracellularly recorded neuron to generate a projection diagram. Both glutamate uncaging (Brivanlou et al., 2004; Briggs and Callaway, 2005) and Channelrhodopsin-2 stimulation (Petreanu et al., 2007) have been used to do so.
FUNCTIONAL INPUT-OUTPUT MAPPING

Optical methods and scaling
Optical methods have the potential to combine the best of both worlds for large-scale input-output mapping. These methods can stimulate and record from volumes of the order of a single dendritic spine and can also scale to hundreds or more neurons. The number of potential synapses monitored should scale as the product of individual inputs and outputs. We now consider some of the technical capabilities of these optical methods.
1. Neurotransmitter uncaging-optical uncaging of neurotransmitters, in particular, glutamate, is an effective tool to stimulate individual synapses, or groups of synapses, on identified neurons. In this technique, UV light is used to flash-photolyse a "caged" (complexed and inactive) form of a neurotransmitter; for example, MNI-glutamate. This results in the release of free neurotransmitter, which will activate synapses in the vicinity of the uncaging location (Petitt et al., 1997) . The glutamate uncaging method has already been shown to be useful for single neuron input activation (Nikolenko et al., 2007) .
Channelrhodopsin-2-neurons can be made lightsensitive by genetic incorporation of a light-sensitive cation channel, channelrhodopsin-2 (ChR2), which is derived from an algal species (Boyden et al., 2005) . When ChR2-expressing neurons are irradiated with blue light, the channel opens, resulting in depolarization of the membrane and firing of action potentials. As labeling is under genetic control, one can achieve targeted stimulation of a subset of cells (Adamantidis et al., 2007) . ChR2 opto-simulation has already been used to map connectivity both within (Wang et al., 2007) and between different neuronal layers (Petreanu et al., 2007) by coupling it with intracellular recordings. All optical stimulation and recording, with ChR2 and calcium sensitive dyes, has also been demonstrated . One drawback of ChR2-based stimulation is that the channel seems to have a very small two-photon cross-section (Zhang and Oertner, 2007) . This is a problem, since precise stimulation of cells deeper inside tissue would not be feasible. 3. Voltage sensitive dye (VSD) imaging-the membrane potential is a highly desirable index of neuronal activity, because it would give the ability to monitor spikes, spike times, and graded potentials. The most commonly used VSDs are charged amphipathic molecules which get incorporated into the cell membrane. A change in membrane potential results in a concomitant change in fluorescence or absorbance properties of the dye. However, signals from existing VSDs have poor signal-to-noise ratios (Fisher et al., 2005) and are prone to phototoxicity (Spors and Grinvald, 2002 a According to the birthday problem, the probability of at least two neurons sharing the same color out of a sample of n multicolored neurons is given by the 1−(the probability of all neurons having different colors). For 100 colors, this works out to a probability close to 1 for just n = 30 neurons. channels open, the intracellular calcium concentration rises from ϳ100 nM to ϳ 10 µM . This change can be detected by intracellular calcium sensitive dye reporters. However, calcium imaging has low temporal resolution due to the slow time-scales of calcium responses, especially efflux. Thus, this technique cannot be used to resolve spikes at high firing frequencies, although estimates of firing rate changes are possible (Yaksi and Friedrich, 2006; Ramdya et al., 2006) . Several genetically encoded calcium sensors exist, which are essentially calcium binding proteins such as calmodulin (Miyawaki et al., 1997) or muscle troponin C (Heim and Griesbeck, 2004) tagged to a FRET pair (e.g., CFP-YFP). Binding of calcium induces a conformational change, which in turn alters FRET efficiency. While recent genetic sensors are quite sensitive, their temporal resolution is still poor ͑ϳ1 s͒ (Heim et al., 2007) .
COMBINING ANATOMICAL AND PHYSIOLOGICAL DATA
To recapitulate, anatomical mapping techniques provide a great deal of information about neuronal morphology and the dendritic localization of synapses, while functional mapping techniques provide information about physiological parameters such as synaptic weights and probabilities of release. These two approaches can complement each other remarkably well (Table I ) and, thus, it would be very useful to combine them in circuit mapping studies.
Here we consider two of the most interesting aspects of this complementarity, as highlighted in Table I and Fig. 1 .
Functional synapses
While Brainbow-based anatomical mapping can predict the positions of synapses, it cannot confirm whether the predicted sites contain functional synapses and, if so, their synaptic weight. Functional mapping, by ChR2-based stimulation and calcium imaging in single spines, can be used to confirm both synaptic presence and synaptic weight. Since Brainbow mapping can also be used to trace out the dendritic tree structure of many neurons, the position of these synapses with respect to this underlying structure will be known. This sort of data is useful for modelling realistic neurons in networks and also to understand how synaptic inputs will summate with each other.
Scaling and speed of mapping
A problem with functional mapping studies is the time taken for systematic stimulation and recording, to interrogate every possible synapse. Such data are usually noisy due to both instrumentation noise and inherent synaptic noise because of probabilistic release. Therefore, several repetitions are required to accurately measure synapses . Brainbow-based anatomical mapping can help enormously by first identifying putative synaptic sites, which can then be systematically tested with functional mapping. Thus, live anatomical mapping can help narrow down the connection space one needs to test with stimulate-record type techniques.
SUMMARY
New techniques that combine genetics, microscopy, and optical stimulation are poised to provide neuroscientists with a new level of data about neuronal connectivity and function. Between them, these methods combine high throughput and high resolution. The resulting abundance of data may lead to profound changes in how we study the brain.
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